A method to achieve stable radiation pressure acceleration (RPA) of heavy ions from laser-irradiated ultrathin foils is proposed, where a high-Z material coating in front is used. The coated high-Z material, acting as a moving electron repository, continuously replenishes the accelerating heavy ion foil with comoving electrons in the light-sail acceleration stage due to its successive ionization under laser fields with Gaussian temporal profile. As a result, the detrimental effects such as foil deformation and electron loss induced by the Rayleigh-Taylor-like and other instabilities in RPA are significantly offset and suppressed so that stable acceleration of heavy ions are maintained. Particle-in-cell simulations show that a monoenergetic Al 13þ beam with peak energy 3.8 GeV and particle number 10 10 (charge > 20 nC) can be obtained at intensity 10 22 W=cm 2 . DOI: 10.1103/PhysRevLett.118.204802 Laser-driven ion acceleration has become a highly active research field [1] due to its many prospective applications [2] . While accelerations of protons and light ions have been investigated, little has been reported on the acceleration of heavy ions. In fact, due to much heavier mass and more choices of charge to mass ratio, heavy ion beams have more advantageous applications related to nuclear science [3] , high energy density physics [4] , quark-gluon plasmas [5] , and others. A large heavy ion accelerator, FAIR [6] , is under construction. Laser-driven accelerators may offer a cheaper and smaller alternative because of orders of magnitude higher accelerating fields.
Several methods for laser-driven ion acceleration are proposed, including target normal sheath acceleration (TNSA) [7, 8] , radiation pressure acceleration (RPA) [9] [10] [11] [12] , and shock acceleration [13] , but most of them are only favorable for protons or light ions. In the idealistic RPA, all ion species are coaccelerated, and heavy ion acceleration is not impeded by light ion contaminants [10, 11] , whereas this is a concern in TNSA and others. However, in realistic multidimensional RPA cases, to achieve the same energy per nucleon as protons, heavy ions undergo much more serious Rayleigh-Taylor-like (RT) instability [14, 15] and, afterwards, a much worse Coulomb explosion (CE) [16] . This leads to a broad energy spectrum and a low particle number of heavy ion beams. Recently, two-dimensional (2D) particle-in-cell (PIC) simulation [17] indicates that a quasimonoenergetic Fe 24þ beam is generated by using compound targets mixed with a Au substrate, which, however, is limited by complicated target fabrication and rather low conversion efficiency.
In this Letter, we propose using a high-Z material coating in front of ultrathin heavy ion foils for achieving stable RPA of heavy ions by circularly polarized (CP) lasers. Because of temporally Gaussian-shaped laser fields, the high-Z coating is successively ionized from low to high charge states during acceleration, which acts as a moving electron repository providing a large number of ionized electrons. Under a strong laser ponderomotive push, these electrons can catch up with the accelerating heavy ion foil rapidly and become comoving with the latter, while the highly charged coating ions undergo CE and lag behind. This continuous replenishment of comoving electrons for the accelerating heavy ion foil offsets the detrimental effects by RT and other instabilities, suppressing deformation and CE of the foil and eventually maintaining its stable RPA. 2D and 3D PIC simulations show that a monoenergetic Al 13þ beam with peak energy 3.8 GeV and particle number 10 10 is obtained at 10 22 W=cm 2 .
The heavy ion acceleration equation [10] [11] [12] in RPA is
where v i is ion velocity, E L is the laser electric field, A is the ion mass number, and Z is the charge state. Assuming the RT instability dominates initially, whose growth in the nonrelativistic regime can be estimated [14] as
where λ RT is a perturbation wavelength. Figure 1 plots the accumulated growth of instability (blue lines) obtained from Eq. (2) as
by advancing the accelerating foil velocity v i ðtÞ via Eq. (1) from t ¼ 0. To achieve the same energy/nucleon, the required acceleration time [Eq. (1)] for heavy ions (such as Al 13þ ) is much longer than protons, which, as seen in Fig. 1 , leads to much more serious RT instability growth.
After the RT instability significantly develops, the foil deforms and the CE dominates due to loss of electrons, leading to foil transparency and termination of RPA. Assuming the CE develops mainly in 1D, the foil thickness evolving with time can be estimated [18] as
where η is the ratio of net positive charge. We see from Fig. 1 that, due to more serious RT instability growth, the number of the lost electrons from the heavy ion foil (η) are much larger than from the proton foil, resulting in much worse CE. Actually, this trend also occurs even for the same η after RT instability. To suppress the above RT instability and CE in heavy ion RPA, we propose using a high-Z coating in front of ultrathin heavy ion foils, where the atomic number Z of the coating material is larger than the foil. On the one hand, as demonstrated in Refs. [19, 20] , a coating of high-Z material can buffer the accelerating heavy ion foil from the RT instability. More importantly, on the other hand, during the successive ionization of the high-Z coating under Gaussian laser fields, a large number of ionized electrons can be produced and catch up with the accelerating heavy ion foil rapidly and continuously replenish the comoving electrons, the latter required for keeping stable RPA [16, 20] , whereas the coating itself undergoes CE and lags behind. As an example, here, we choose a Au coating in front of a thin Al foil to demonstrate the principle of our scheme, which is described as the schematic Fig. 2 . Note that, recently, Bulanov et al. [21] discussed the maximum attainable energy of stable proton RPA in the relativistic regime, where the RT instability is much suppressed [11, 14] due to the relativistic effect. However, it is hard to accelerate heavy ions to relativistic energy.
To achieve the proposed scheme, first, we need to consider the ionization dynamics in intense lasermatter interactions. The field ionization rate can be given by the Ammosov-Delone-Krainov formula [22] as
is square root of the normalized ionization potential with I H ¼ 1312 kJ=mol and n Ã ¼ Z=κ. l and m are the angular momentum and its projection along the field. The collisional ionization rate can be estimated as [23] 
where E is the impact electron energy, P i is ionization potential, q i is the number of equivalent electrons in the ith subshell. Considering intense lasers at 10 21 -10 22 W=cm 2 , the field ionization rate from Au 50þ to Au 51þ is estimated as P f ≤ 1, while P c < 10 −4 . So the field ionization dominates [24] [25] [26] , where the Au coating is ionized to be Au 51þ . Similarly, the Al foil are estimated to be fully ionized as Al 13þ rapidly.
Second, to balance the stability with the conversion efficiency of acceleration for Al, the areal densities of the Au coating σ Au ¼ n e;Au l Au and Al foil σ Al ¼ n e;Al l Al have the optimal conditions, respectively. On the one hand, σ Al þ σ Au should satisfy the optimal RPA condition [10, 11] as a whole. On the other hand, in order to not only replenish the Al foil with comoving electrons as much as possible, but also keep the loss of conversion efficiency to Au ions as low as possible, we assume that the Au coating undergoes CE rapidly at laser foot a ∼ a 0 expð−1Þ. In other words, once the laser irradiates the target, electrons of the Au coating are completely expelled out (where the ponderomotive force should be larger than the maximum charge separation field of Au coating [11, 12] ) and piled up into Al foil quickly, leading to effective light-sail RPA of the whole Al foil. Therefore, the optimal conditions are σ Au ¼ a 0 n c λ=2π expð1Þ; ð4Þ
To verify the new scheme, 2D PIC simulations are carried out with the EPOCH code [27] , where the field ionization is self-consistently integrated. The simulation box ðx; yÞ is 10 × 12 μm containing 10000 × 1500 cells. The particle number per cell for both electrons and ions is 400 for Al foil and 200 for Au coating. The Al foil has a density of 2.7 g=cm 3 , thickness 20 nm and initial charge state Al 7þ under temperature 280 eV, and those for the Au coating are respectively 19.32 g=cm 3 , 2 nm and Au 13þ , where conditions (4) and (5) are satisfied. A CP laser with I 0 ¼ 10 22 W=cm 2 and λ ¼ 800 nm propagates from the left boundary at x ¼ −2.0 μm and irradiates the target at x ¼ 0. The laser pulse is temporally Gaussian distributed with duration τ L ¼ 8T 0 (T 0 ¼ λ=c). To save computational resources and better compare with the above theory, a transversely fourth-order Gaussian spatial profile of radius r 0 ¼ 3 μm for the laser is chosen. To show the role of the time-dependent ionization physics clearly, simulations without the ionization effect (the charge states are fixed to Al 13þ and Au 69þ ) and without the Au coating (a 30 nm pure Al foil keeping the same total electron number) are also carried out for comparison.
In Fig. 3, electron [3 3(a) ], when the laser starts to irradiate the target, the Au coating is quickly ionized to 51þ and the Al foil is fully ionized to 13þ at the foot of the laser of I ≈ 1.35 × 10 21 W=cm 2 . Afterwards, the Au ions expand in space due to CE, during which they are successively ionized to higher and higher charge states with increasing laser intensities, producing a large number of free electrons. As we expected, most of these electrons rapidly catch up with the accelerating Al foil and, then, are held in the latter by the space charge field, eventually becoming comoving electrons of the accelerating Al foil, shown in Figs. 3(b) and 4(a). From Fig. 4(a) , we see that the replenished, ionized electrons from the Au coating contribute about 15% of the whole comoving electrons for acceleration of Al foil. Because of the replenishment of ionized electrons, the accelerating Al foil keeps opaque to the laser [4(c)], suppressing electron heating and deformation induced by RT and other instabilities. This further suppresses the loss of comoving electrons and, accordingly, CE, forming a positive feedback for stabilization of Al RPA. Therefore, stable RPA of the Al foil can be maintained, see Fig. 3(i) , until the laser is over. If the ionization effect is not considered, as shown in Fig. 4(b) , the total comoving electron density in the accelerating Al foil drops by three times lower, leading to transparency [4(d) ] and serious instabilities [3(k) , comparing inset with 3(h)] of the latter. Therefore, RPA of Al 13þ terminates quickly [3(l) ]. Similarly, without Au coating, no replenishment of electrons occurs, RPA of Al 13þ also becomes unstable quickly, shown in Fig. 3(o) . Figure 4 (e) plots the final energy spectra of Al 13þ at t ¼ 20T 0 for different cases when the laser is over. By using our scheme, a quasimonoenergetic Al beam with peak energy 150 MeV=u (4.0 GeV) and energy spread of 25% is produced. The particle number with energy ≥ 100 MeV=u is about 10 10 (charge 20 nC) and the total beam energy is about 7J [4(f)], at least one order larger than Refs. [17, 24] . However, for both cases, without ionization and without Au coating, the energy spectra are much broadened due to premature termination of RPA and CE, see the blue and green lines in 4(e). These clearly imply the vital importance of the time-dependent ionization physics in our scheme, without which only the buffering effect of high-Z species against the RT instabilities [17, 19, 20] is insufficient to maintain stable RPA. Note that, in experiments, the required contrast above 10 10 at picosecond pedestal duration can be achieved now [28, 29] . Circular polarization of lasers can be obtained by using a mica crystal with a λ=4 wave plate [30] ; however, it may not be perfect. Considering a more realistic Gaussian and elliptically polarized laser with jE y j=jE z j ¼ 0.8, we plot the Al energy spectra for both with and without Au coating cases in the inset of Fig. 4(e) . It clearly shows that the improvement in ion energy spectra is still substantial by using our scheme.
Large-scale 3D PIC simulations are also carried out. The simulation setup keeps almost the same as that in 2D except the particle number per cell is reduced to be 64 for Al and 100 for Au. The Al 13þ densities at t ¼ 20T 0 for the cases with and without ionization are shown in Figs. 5(a) and 5(b). Figure 5 (c) shows their corresponding energy spectra. A quasimonoenergetic Al 13þ beam with a peak energy of 140 MeV=u is also obtained, which is much better than that for the case without ionization. Thus, we conclude that 3D effect does not qualitatively impact our scheme. The slight decrease of ion energy in 3D simulation, with respect to 2D, may be attributed to the smaller reflectivity of the accelerating foil as R ≃ σ 2 =ð1 þ σ 2 Þ [12] and resultantly weaker radiation pressure P rad ¼ 2RI=c in 3D, where σ ¼ πðn e =n c Þðl=λÞ decreases faster due to heavier electron loss in 3D. Here, the transverse expansion of the foil during acceleration is small, which is different from that in Refs. [31] . Fig. 3 . In (a), the cyan, red, magenta, and blue lines represent the initial electrons from Al ions, the ionized electrons from Al, the initial electrons from Au, and the ionized electrons from Au, respectively, while the black line shows the sum of all electrons. In (b), the cyan and magenta lines correspond to the electrons from Al and Au, respectively, and the black line shows their sum. (c) and (d) Laser intensity distributions with and without ionization. (e) The energy spectra of Al 13þ within jyj < 2 μm by our scheme (red), without ionization (blue), and without Au coating (green) at t ¼ 20T 0 . The magenta line corresponds to Au ions, but with dN=dE k multiplied by 5 times. (f) The total energy of the Al 13þ beam increasing with time for the 2D (blue star) and 3D (red triangle) simulations. Inset of (e) shows the Al 13þ spectra for the cases of, respectively, with (red line) and without (green line) Au coating by using a Gaussian and elliptically polarized laser pulse with ellipticity jE y j=jE z j ¼ 0.8, where other parameters are the same as here. In conclusion, a novel scheme for achieving stable RPA of heavy ions from laser-irradiated ultrathin foils is proposed, where a high-Z material coating in front of the foil plays a key role as a moving electron repository, successively replenishing heavy ion acceleration with comoving electrons.
